Water Research

Geochemistry, stable isotopes and statistic tools to estimate threshold and source of

nitrate in groundwater (Sardinia, Italy)
--Manuscript Draft--

Manuscript Number:

Article Type: Research Paper
Keywords: Groundwater; nitrate pollution; stable isotopes; mixing models; Sardinia
Corresponding Author: Elisabetta Dore

University of Cagliari
Monserrato, Cagliari, Sardinia ITALY

First Author: Riccardo Biddau

Order of Authors: Riccardo Biddau
Elisabetta Dore
Stefania Da Pelo
Mario Lorrai
Paolo Botti
Maurizio Testa
Rosa Cidu

Abstract: In the European Union, nitrate vulnerable zone (NVZ) should be designed for the
mitigation of nitrate (NO 3 - ) contamination caused by agricultural practices. Before
establishing new NVZ, the sources of NO 3 - must be recognized. A geochemical
and multiple stable isotopes approach (hydrogen, oxygen, nitrogen, sulfur and boron)
and statistical tools were applied to define the geochemical characteristics of
groundwater (60 samples), calculate the local NO 3 - threshold and assess potential
sources of NO 3 — contamination in two study areas (hereafter Northern and
Southern), located in a Mediterranean environment (Sardinia, ltaly).
Hydrogeochemical features in the two study areas were similar: near neutral to slightly
alkaline pH, electrical conductivity in the range of 0.3 to 3.9 mS/cm, and chemical
composition ranging from Ca-HCO 3 - at low salinity to Na-Cl — at high salinity.
Some groundwater samples were distinguished by relatively high SiO 2 (up to 34
mg/L) and F - (up to 2.6 mg/L). Concentrations of NO 3 - in groundwater were in
the range of 1 to 165 mg/L (median value 30 mg/L), whereas the nitrogen reduced
species were negligible, except few samples having NH 4 + up to 2 mg/L. Threshold
values (calculated by the mean + 2 times the standard deviation) in the studied
groundwater samples were between 4 and 7 mg/L NO 3 - , which was in agreement
with previous estimates in Sardinian groundwater.

Values of & 2 Hand & 18 O in groundwater indicated a meteoric origin with negligible
fractionation processes since infiltration, and few exceptions. A group of samples
collected in the Southern area was distinguished by a marked negative & 18 O shift,
indicating oxygen isotopic exchange between the groundwater and the gas CO 2 .
Values of 8 34 Sandd 18 O SO4 of SO 4 2 - in groundwater samples indicated
different sources of SO 4 2 - . Sulfur isotopic features attributed to marine SO 4 2-
were consistent with groundwater circulation in marine-derived sediments. Other
source of SO 4 2 — were recognize due to the oxidation of sulfide minerals, to
fertilizers, manure, sewage fields, and SO 4 2 - derived from a mix of different
sources.

Values of 8 15 Nand d 18 O NO3 of NO 3 - in groundwater samples indicated
different biogeochemical processes and NO 3 - sources. Nitrification and
volatilization processes might have occurred at very few sites, and denitrification was
likely to occur at specific sites. Mixing among various NO 3 - sources in different
proportions might account for the observed NO 3 - concentrations and the nitrogen
isotopic compositions. The SIAR modeling results showed a prevalent NO 3 - source
from sewage/manure. The & 11 B signatures in groundwater indicated the manure to
be the predominant NO 3 - source, whereas NO 3 - from sewage was recognized
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at few sites. Geographic areas showing either a predominant process or a defined NO
3 — source where not recognize in the studied groundwater. Results indicate
widespread contamination of NO 3 - in the cultivated plain of both areas. Point
sources of contamination, due to agricultural practices and/or inadequate management
of livestock and urban wastes, were likely to occur at specific sites.
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Geochemistry, multiple stable isotopes approach (hydrogen, oxygen, nitrogen, sulfur and boron) and statistical
tools were applied to define the geochemical characteristics of groundwater, calculate the local nitrate
threshold and assess potential sources of nitrate.

Mixing model results showed a prevalent nitrate source from sewage and/or manure. The boron isotopic
signatures in groundwater indicated the manure to be the predominant source. Nitrification and volatilization
processes might have occurred at few sites and denitrification was likely to occur at specific sites.
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20  Abstract

21 Inthe European Union, nitrate vulnerable zone (NVZ) should be designed for the mitigation of nitrate (NO3")
22 contamination caused by agricultural practices. Before establishing new NVZ, the sources of NO;~ must be
23 recognized. A geochemical and multiple stable isotopes approach (hydrogen, oxygen, nitrogen, sulfur and
24 boron) and statistical tools were applied to define the geochemical characteristics of groundwater (60 samples),
25  calculate the local NO;™ threshold and assess potential sources of NOs;~ contamination in two study areas
26 (hereafter Northern and Southern), located in a Mediterranean environment (Sardinia, Italy).

27  Hydrogeochemical features in the two study areas were similar: near neutral to slightly alkaline pH, electrical
28  conductivity in the range of 0.3 to 3.9 mS/cm, and chemical composition ranging from Ca-HCO;™ at low
29  salinity to Na-CI at high salinity. Some groundwater samples were distinguished by relatively high SiO; (up
30 to 34 mg/L) and F~ (up to 2.6 mg/L). Concentrations of NO3z~ in groundwater were in the range of 1 to 165
31 mg/L (median value 30 mg/L), whereas the nitrogen reduced species were negligible, except few samples
32 having NHs* up to 2 mg/L. Threshold values (calculated by the mean + 2 times the standard deviation) in the
33  studied groundwater samples were between 4 and 7 mg/L NOs~, which was in agreement with previous
34  estimates in Sardinian groundwater.

35  Values of §°H and §'®0 in groundwater indicated a meteoric origin with negligible fractionation processes
36  since infiltration, and few exceptions. A group of samples collected in the Southern area was distinguished by
37  amarked negative §'80 shift, indicating oxygen isotopic exchange between the groundwater and the gas CO..
38  Values of §*S and §'®0sos4 of SO4? in groundwater samples indicated different sources of SO4*. Sulfur
39 isotopic features attributed to marine SO4> were consistent with groundwater circulation in marine-derived
40  sediments. Other source of SO42~ were recognize due to the oxidation of sulfide minerals, to fertilizers, manure,
41 sewage fields, and SO4*" derived from a mix of different sources.

42 Values of 3'°N and 5®0nos of NO3™ in groundwater samples indicated different biogeochemical processes and
43  NOsz sources. Nitrification and volatilization processes might have occurred at very few sites, and
44 denitrification was likely to occur at specific sites. Mixing among various NO3™ sources in different proportions
45  might account for the observed NO;~ concentrations and the nitrogen isotopic compositions. The SIAR
46 modeling results showed a prevalent NO3~ source from sewage/manure. The §*'B signatures in groundwater
47  indicated the manure to be the predominant NO3;~ source, whereas NO3s~ from sewage was recognized at few
48  sites. Geographic areas showing either a predominant process or a defined NO3s~ source where not recognize
49  inthe studied groundwater. Results indicate widespread contamination of NOs™ in the cultivated plain of both
50 areas. Point sources of contamination, due to agricultural practices and/or inadequate management of livestock
51  and urban wastes, were likely to occur at specific sites.

54 1. Introduction
55  Large amounts of water resources of the world are affected by nitrate pollution that negatively impacts on
56  human health and ecosystems. Natural waters may contain different nitrogen species, i.e. dissolved gas from
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the atmosphere (N), ammonia (NHs) from rain and soil, the ions ammonium (NH4"), nitrite (NO2) and nitrate
(NOs"), and organic nitrogen compounds (Stumm and Morgan, 1996). Sources of nitrogen ions include the
soil, fertilizers, sewage, manure, industrial effluents, and geologic materials containing soluble nitrogen
compounds. Nitrate is the end product of nitrification processes, and is usually taken up by plants. The excess
NO;~ goes into water systems because it is poorly absorbed by clay minerals and is stable in aqueous media
unless denitrification processes occur. The NOs~ stability in solution under a wide range of pH and redox
conditions, may result in concentrations above the guideline of 50 mg/L established by the World Health
organization (WHO, 2011), which are frequently observed in water systems, including drinking water (Sarkar
et al., 2021; Picetti et al., 2022).

Since the 1991, the European Commission has promoted specific measures aimed to minimize NOs”
contamination derived from agricultural practices (Nitrate Directive — EC, 1991). Nevertheless, data collected
until the 2019 in the European State Members showed that 14.1% of groundwater stations still exceeded 50
mg/L NOs™ in annual average and that there has been no overall decrease of NO3z~ concentration in groundwater
in the last 20 years (EC, 2021). This suggests that further measures should be taken to mitigate groundwater
contamination by NOs™. Before establishing new rules for contaminated areas, the sources of NOs;~ must be
recognized.

Different approaches have been used to track NOs™ sources in groundwater: the water chemistry, isotopic
signatures, microbial composition, statistics, and combinations of them (Menci6 et al., 2016; Kazakis et al.,
2020; Cao et al., 2022). In particular, due to the peculiar isotopic signatures of different sources, multiple stable
isotopes (Yu et al., 2020; Carrey et al., 2021; Ryu et al., 2021; He et al., 2022) and statistical models (i.e.:
Bayesian SIAR model, Parnell et al., 2013; Meghdadi and Javar, 2018; Ren et al., 2022) has been used to
guantify the relative contributions of potential NO3;~ sources.

In Sardinia (ltaly), the intensive dairy cattle district of Arborea has been declared a nitrate vulnerable zone
(NVZ) in 2005, and a specific Action program for the reduction of NO3;~ has been developed (Biddau et al.,
2019). However, other well in Sardinia than those located within the Arborea NVZ, showed NO;3~
concentrations above 50 mg/L that persisted several years, thus demanding targeted actions to reduce the
contamination. According to the Nitrate Directive (EC, 2006), the European Member States are required to
identify groundwater bodies (GWBSs) at risk of failing to meet the environmental objectives, as well to
designate as NVZ the areas being at risk from agricultural nitrate pollution. This study was aimed at
investigating two areas to be eventually designated as new NVZ in Sardinia. To this purpose a combination of
geochemical, isotopic and statistical tools were applied. Specific objectives were to: i) define the geochemical
characteristics of groundwater samples; ii) calculate the local threshold of NO3™ in groundwater; iii) investigate
the behavior of deuterium, oxygen-18, nitrogen-15, sulfur-34 and boron-11 stable isotopes to recognize the
potential sources of nitrate contamination.

2. Study areas

The areas selected for this investigation are located in the North and South Sardinia (Fig. 1). Climate is
Mediterranean with warm dry summers and mild rainy winters. The mean annual temperature is 15.9 °C and
mean annual precipitation is 537 mm, the latter mostly concentrated between October and March (Frau et al.,
2020). Land uses consist of woodland, Mediterranean maquis, orchards, olive groves, arable fields and natural
grazing; greenhouses are mostly located in the South (RAS, 2013b). Industrial activities (mainly chemistry
and mechanics plants) occur at Porto Torres in the North, at Macchiareddu in the South, and nearby the towns
of Cagliari and Sassari (Fig. 1).

Main geological features of Sardinia consist of a segment of the western European Variscan metamorphic
basement, covered by continental Upper Carboniferous—Permian sedimentary and volcanic deposits, Mesozoic
carbonatic shelf sediments, Tertiary to Quaternary volcanic and sedimentary sequences (Sinisi et al., 2012).
Geological features in the Northern zone are comprised of the Paleozoic basement, the Mesozoic cover and
Tertiary to Quaternary volcanic and sedimentary sequences. Shallow marine sedimentation with evaporite and
carbonate occurred from the Middle Triassic to the Middle Cretaceous; the shelf sea covered the entire post-
Variscan peneplain of Sardinia in the Middle Jurassic (Mameli et al., 2007). From the Oligocene to Middle
Miocene, volcanic activity produced calc-alkaline sequences, ranging from basaltic to rhyolitic in composition
(Sinisi et al., 2012). After the rotation of the Sardinia—Corsica block, a widespread transgression took place,
with a system of shallow half-graben filled up by carbonatic and siliciclastic sequences of Upper Burdigalian—
Tortonian age (Funedda et al., 2000). The Miocene sequence is made up of marl sandstone, siltstone, limestone
and conglomerate. Geological sequences also include basaltic rocks of Pliocene-Pleistocene age and
Quaternary deposits.
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The Southern zone is located in the southernmost portion of the Campidano, namely the Graben of Cagliari.
Geology mainly consists of Quaternary deposits related to the subsiding cycle of the Middle Pliocene. The
Graben of Cagliari was filled up by sand, mud, conglomerate, lacustrine clay and, more recently, by fluvial
deposits (Angelone et al. 2005, and references therein). Extensional tectonics affected the Graben of Cagliari
during Pliocene-Pleistocene time, with NW-SE oriented faults (Cocco et al., 2012; 2013). A relevant industrial
area (about 9000 ha) is included in the Southern area, which includes chemical and petro-chemical plants, port
activities, refineries and incinerators (Frontalini et al., 2009).

According to the requirements of the European Water Framework Directive (EC, 2000), thirty-eight main
hydrogeologic complexes were recognized in Sardinia. They are constituted of one or more hydrogeologic
units, with homogenous lithology and degree of permeability and are divided in 114 GWBs. The investigated
GWBs are hosted in Pliocene-Quaternary sediments (CIS 0511, 0121, 1721, 1722), in Oligocene-Miocene
detritus-carbonatic sediments (CIS 2311, 2312, 2321) and in Mesozoic carbonatic rocks (CIS 3211), with
locations and main groundwater flow directions shown in Figure 1.

3. Sampling and methods

The sampling strategy was aimed at recognizing the GWBs subjected to agricultural and livestock pressures,
based on data acquired in the framework of the groundwater monitoring program established by the Sardinian
Region. In particular, GWBs where wells contained a concentration higher than 50 mg/L of NOs, GWB
exposed to relevant industrial pressure, and groundwater wells used for drinking water, were selected to carry
out hydrogeochemical surveys. Groundwater samples submitted to both chemical and isotopic analyses
consisted of 7 springs and 53 wells; 29 samples were located in the Northern area and 31 in the Southern area.
To characterize the potential source of contamination, 10 samples were collected at urban wastewater treatment
plants, which inputs comprised a mix of sewage and run-off rain water in variable proportions according with
seasonality. Other 56 groundwater samples, located in the Northern (20 samples) and Southern (36 samples)
area, were considered for the calculation of NO;™ threshold values in each area. The location of water samples
in the two study areas is shown in Figure 1.

In situ, the water table level of wells, flow of springs, temperature, pH, electrical conductivity (EC) and
dissolved oxygen were measured. Each well was purged before the collection of water. Immediately upon
collection, the water was filtered through 0.22 um pore-size filters in pre-cleaned high-density PE bottles and
keep cooled by a portable refrigerator. One aliquot was acidified immediately upon filtration to 1% (v/v) HNO3
supra pure. Aliquots for the nitrate isotope analyses were frozen in situ in order to prevent any alteration due
to biological processes.

Analysis of major ions, nitrogen species and Mn were carried out within the framework of the R.A.S.
groundwater-monitoring program at certified laboratories (RAS, 2011).

Boron and Si were determined at the University of Cagliari by inductively coupled plasma mass spectrometry
(ICP-MS) and inductively coupled plasma optical emission spectrometry (ICP-OES). For each analytical run,
the detection limits (DL) were calculated at 5 times the standard deviation (SD) plus the mean value calculated
on several analyses of the blank solution. The standard reference solutions SRM1643d,e (supplied by the US
National Institute of Standard & Technology, Gaithersburg, Maryland) and EnviroMAT ES-L-3 (supplied by
SCP Science, St. Laurent, Quebec) were used to estimate analytical errors, which were usually below 5 %.
With reference to the evaluation of groundwater quality, the guidelines established by the WHO (2011) for
drinking water and threshold values established by Italian legislations for drinking water and for the protection
of groundwater (GURI, 2006; 2009; 2016) were considered. It is worth remembering that the Italian legislation
incorporates the European legislation concerning the protection of groundwater against pollution and
deterioration (EC, 2006; 2014).

The 3°H and 80 of water (8¥0n20), 8*°N and 580 of dissolved NO3™ (6*30nos), 5**S and 50 of dissolved
S04*" (8™0s04), and 5B were determined. The §°H and 3'®0w20 Were measured using Wavelength-Scanned
Cavity Ringdown Spectroscopy (L2120-i, Picarro). The 6*°N and 6'80nos of NO3~ were determined by Isotope
Ratio Mass Spectrometer (IRMS, Finnigan MAT-253, Thermo Scientific). The §**S and §'®0so4 0f SO4* were
determined by IRMS (Carlo Erba EA - Finnigan Delta C - ThermoQuest). Isotopic analyses of water, nitrate
and sulfate were performed at the laboratory of the Mineralogia Aplicada i Medi Ambient, University of
Barcelona, Spain, with details on analytical methods being reported in Puig et al. (2017). The 5B was
determined by MC-ICP-SFMS at the Scandinavia ALS Laboratory Group, Sweden, with details on analytical
methods being reported in Venturi et al. (2015). Isotopic results were expressed in terms of & (Coplen, 2011)
relative to the international standard Vienna Standard Mean Oceanic Water (V-SMOW) for §°H, 8020,
5'80nos and 8*80so4; the Vienna Canyon Diablo Troilite (V-CDT) for §%S; the air for §'°N; and NBS951 for
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8''B. Analytical errors calculated using international and internal laboratory standards were (+8%o): 1 8%H,
0.15 88020, 1.0 8*0nos, 0.5 5¥0so4, 0.6 8'°N, 0.2 3**S and 0.05 5M'B.

The observed NOs™ concentrations in waters in the studied areas were fitted with a normal (Gaussian) mixture
model (McLachlan and Peel, 2000) to recognize subgroups in the population of waters using the
“MIXTOOLS” package (Benaglia et al., 2009) implemented in the R software, a free language for statistical
computing (R Development Core Team, 2013). The maximum likelihood estimates of the parameters (mean
and standard deviation, SD) with normal distributions for each subgroup was calculated using the expectation
maximization (EM) algorithm (Dempster et al., 1977). The mean+2SD values of the population having the
lowest NOs~ concentrations was considered as the threshold value for nitrate in the studied areas, representing
the present-day background concentrations of NOs™ (Panno et al., 2006).

Nitrate produced by nitrification typically has a comparatively low 620 relative to atmospheric and fertilizer
NO;™, which is assumed to derive from the fractional contribution of oxygen atoms originating from O, and
water during the biological oxidation of NH4* to NOs™, according to the following experimental equation
(Andersson and Hooper, 1983):

(1) 6180N03 =2/3 5180H20 +1/3 618002

where 8800 represents the measured value in the local groundwater samples and 500, is the +23.5%o value
for atmospheric O, (Aravena and Mayer, 2010).

The relative contribution of the potential nitrate sources in groundwater samples were calculated using the
Bayesian isotope mixing model in the SIAR package (Stable Isotope Analysis in R, Parnell et al., 2008). Dual-
isotopic nitrate values (3*°N and 580 of NO;") and five potential local sources: NHa4 synthetic fertilizers (NHg4-
fert.), NOs™ fertilizers (NOs-fert.), soil organic nitrogen (N-soil), sewage and manure (S-M) were included in
the model. The isotopic compositions of selected end-members were assumed from the literature (Torres-
Martinez et al., 2021) as follows: NHs-fert.: 3*°*Nnos 1.24 £ 1.44%o, §'80nos 3.44 + 2.47%o0; NOs-fert.: §°*Nnos
-0.07 £ 2.85, 580no3 24.12 £ 3.17%o; N-soil: §°Nnos 3.26 £ 1.99%o, §'80nos 3.34 £ 2.04%0 and M-S: §°Nnos:
10.14 + 4.53%o, 8*80nos 5.69 = 2.91%o.

Geochemical maps were drawn using ArcGIS 10.2 (ESRI, 2013).

4. Results and discussion
4.1 Hydrogeochemistry

Composition of host aquifers and recharge areas definitely influence the main geochemical characteristics of
groundwater.

Physical and chemical features of groundwater in the Northern area are reported in Supplementary Material
(SM) Table 1. Temperature ranged from 11 to 22 °C, with median value of 16 °C. The pH was near neutral to
slightly alkaline (6.7 - 8.0). Values of EC and dissolved oxygen showed a large range, respectively from 0.7
to 4.0 uS/cm and from 3 to 9 mg/L (SM Table 1). The low salinity waters generally showed calcium-
bicarbonate predominant composition, which was consistent with circulation of these waters in Tertiary and
Mesozoic carbonate aquifers. At high salinity sodium-chloride composition prevailed, whereas magnesium
and sulfate were relatively less abundant. Groundwater samples A35, A37, A41 showed predominant Na-
bicarbonate composition (Fig. 2a piper). Concentrations of Na and CI in groundwater followed the seawater
dilution line, but few samples were slightly enriched in Na with respect to CI~, with Na likely derived from the
weathering of Na-bearing feldspar. Concentrations of F~ were in the range of 0.05 to 0.8 mg/L (median 0.14
mg/L). Concentrations of Br~ were correlated with ClI~ (R?=0.941). The NOs~ concentrations were in the range
of 4 to 165 mg/L, with the highest value showing the highest K concentration (SM Table 1). Reduced nitrogen
species were undetectable in most samples; NO.~ was only detected in 4 samples (up to 2.3 mg/L), and 3.6
mg/L NH." occurred at the outflow of sewage treatment plant (SM Table 1). Concentrations of SiO; ranged
from 3 to 20 mg/L, median value of 7 mg/L, and were not related to temperature. Concentrations of B varied
from 19 to 270 pg/L (median 74 pg/L), with values generally increasing with increasing CI~ (R? = 0.660).
Concentrations of B were not related to temperature, F~ and SiOs.

Physical and chemical characteristics of groundwater in the Southern area are reported in SM Table 2.
Temperature ranged from 13 to 24 °C. The pH was slightly acidic to alkaline (6.4 - 8.2). Values of EC and
dissolved oxygen showed a large range, respectively from 0.3 to 3.9 pS/cm and from 2 to 9 mg/L (SM Table
2). The low salinity waters generally showed Ca-bicarbonate predominant composition; at high salinity the
Na-chloride composition prevailed; magnesium and sulfate were relatively low, with the exception of
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groundwater sample A61 showing a marked Ca-Mg-sulfate composition (Fig. 2b). Groundwater samples A3,
Al5, A56, A58 showed a predominant Na-bicarbonate composition (Fig. 2b). Concentrations of Na and CI~ in
groundwater showed molar ratios similar to seawater, with few samples slightly enriched in Na with respect
to CI~. Concentrations of Br~ were correlated with CI~ (R? = 0.997). Concentrations of F~ were in the range of
0.06 to 2.6 mg/L (median 0.17 mg/L). The NOs~ concentrations were in the range of 1 to 83 mg/L. Reduced
nitrogen species were undetectable in most samples, NO,~ was always < 0.02 mg/L (SM Table 2), and up to 2
mg/L NH4* occurred in six samples (SM Table 2). Silica ranged from 2 to 34 mg/L (SM Table 2), with a
median value of 12 mg/L. The groundwater sample A18 having the highest SiO; concentration also showed
relatively high concentrations of F- (SM Table 2). Concentrations of B varied from 16 to 380 pg/L and were
slightly correlated with CI~ (R? = 0.488).

4.2 Nitrate distribution and threshold

Figure 3 shows cumulative distribution plots comparing NO3~ concentrations in all groundwater samples
collected in the studied areas. Median values of NOs™ (about 30 mg/L) and the cumulative distributions were
similar in both areas.

Figure 4 shows the statistical distribution of log-transformed NO3~ concentrations for the Northern area (a)
and Southern area (b). For each area, the NOs™ threshold was calculated by the mean+2SD of the population
showing the lower concentrations. The resulting threshold values were 7 and 4 mg/L NOs™ in groundwater of
the Northern and Southern area, respectively. These threshold values were in agreement with the NO3~
threshold calculated for Sardinian groundwater hosted in granitic and metamorphic rocks (Biddau et al., 2017),
and similar to present-day background values reported elsewhere (Kim et al., 2015; Carrey et al., 2021; Sarkar
etal., 2021; Manu et al., 2022).

Figure 5 shows the spatial distribution and boxplot of NOs~ concentrations in all groundwater samples within
the two areas, together with a simplified land use map (modified after RAS, 2013b). In both areas, groundwater
samples with NO3;~ concentrations above and below the threshold values was observed at the same locations,
suggesting a probably point sources contamination of NOs™.

4.3 Isotopic composition of water

Results of deuterium and oxygen-18 isotopes determined in groundwater samples collected in the Northern
area and Southern area are reported in SM Table 1 and SM Table 2, respectively.

Figure 6 shows the relationship between the §?H and 580 values in the studied groundwater samples. Most of
samples lie close to the GMWL (Global Meteoric Water Line, Craig, 1961) and the IMWL (ltalian Meteoric
Water Line proposed for southern Italy, Giustini et al., 2016), indicating a meteoric origin of groundwater
samples. Groundwater in the Northern area did not undergo significant isotopic fractionation since their
infiltration. The groundwater A10 in the Southern area showed the less negative values of 8D and 520,
indicating evaporation; this interpretation is consistent with hydrogeological evidence showing lake water
infiltration into this well. The groundwater samples A53 to A62 collected in the Southern area were
distinguished by a marked negative 880 shift (Fig. 6b), likely indicating oxygen isotopic exchange between
the groundwater and the gas phase CO.. These samples were located in correspondence of faults bordering the
Campidano graben (Cocco et al., 2012), where thermal waters occur (Angelone et al., 2005; Frau et al., 2020).
Groundwater samples A56 and A58 showed water temperature of 23 and 24 °C, respectively, Na-bicarbonate-
chloride composition (Fig. 2b), Ca/HCO3 molar ratio of 0.14 and 0.19, respectively, and A58 also showed the
highest F- (SM Table 2). These characteristics were similar to the CO,-rich thermal waters of the Campidano,
thus explaining the negative 50 shift observed in Figure 6b. However, a potential influence of industrial
activities on the CO; flux in this area cannot be excluded and would needs further investigations.

4.4 Isotopic composition of sulfate

Results of sulfur-34 and oxygen-18 in SO,? determined in groundwater samples collected in the Northern area
and Southern area are reported in SM Table 1 and SM Table 2, respectively. Figure 7 shows values of 3*30so4
versus 6*S of SO,2 in groundwater samples collected in the Northern (a) and Southern (b) areas, together
with boxes of potential SO4* sources (from Puig et al., 2017). The isotopic compositions indicated different
sources of SO4?~ in groundwater samples. Many samples showed isotopic features attributed to SO4>" derived
from the interaction of water with marine sediments. These findings were consistent with the location of these
samples in correspondence of marine sediments derived host aquifer. Groundwater samples A38 and A47 (Fig.
7a), and A62 (Fig. 7b) showed 5'®0so04 versus 6S values attributed to SO4>~ derived from the oxidation of
sulfide minerals. The groundwater sample A61, having a high concentration of SO4* (SM Table 2), showed a
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sulfur isotopic signature attributed to fertilizers (Fig. 7b). Other samples were in the soil, manure, sewage
fields, and still others might have isotopic signatures indicating SO4* being derived from a mix of different
sources. Groundwater samples A2, A10, A58, A20 in the Southern zone were characterized by relatively low
concentrations of NOz~ and SO42 (SM Table 2), indicating a probably favorable condition to denitrification
processes occur.

4.5 Nitrate source identification - multi-isotopic approach and SIAR model

Results of N-15 and O-18 in NOs~ determined in groundwater samples collected in the Northern area and
Southern area are reported in SM Table 1 and SM Table 2, respectively. Figure 8 shows values of §'°N and
8180nos of nitrate in groundwater samples collected in the Northern (a) and Southern (b, c) areas.

According to the experimental equation proposed by Andersson and Hooper, 1983, the expected values of
8'80nos derived from the nitrification of NH4* should range between +3.2%o and +4.3%o in the Northern area
(8*0mn20 range: -6.9 to -5.3%o0, SM Table 1 and Fig. 8a), from +3.5%o to +5.3%o in the Southern area (§*80w20
range: -6.5 to -3.8%o0, SM Table 2 and Fig. 8b), and from -1.8%o to +0.8%o in the group of groundwater that
underwent isotopic exchange with CO, (5'¥Ow20 range: -10.5 to -9.0%., SM Table 2 and Fig. 8c). In Figure 8a,
two groundwater samples in the Northern area showed 8%0nos inside the theoretical value of §¥0Onos derived
from nitrification of nitrogen compounds. The source of NO3z~ in sample A45 (3.5 mg/L NOs~, SM Table 1)
could be attributed to nitrification of NH4*" contained in the soil, thus representing a naturally derived NOs™.
The isotopic values measured in A28 (52 mg/L NOs", SM Table 1) could be attributed to nitrification processes
at manure/sewage sources, although volatilization of NH,* in fertilizers resulting in a 3*°N increase of the
residual NH4* cannot be excluded (Lasagna and De Luca, 2019).

In the Southern area, the groundwater A9 is the only one falling in the field of NO3™ fertilizers (Fig. 8b). The
low concentration of NOz~ (1 mg/L, SM Table 2) observed at this site appears in contrast with NOs~
contamination from fertilizers. Results of the RAS monitoring at A9 showed significant temporal variations:
high EC and NO3;~ (mean values of 0.98 mS/cm and 75 mg/L, respectively) were observed in the period 2011
to 2016, thereafter EC and NO;™ decreased (mean values of 0.34 mS/cm and <0.8 mg/L, respectively). Values
observed in this study (SM Table 2) suggest dilution by rainwater at the A9 site.

Many groundwater samples in Figure 8¢ showed isotopic compositions out of the theoretical fields of NO3~
sources, suggesting that biogeochemical processes and/or mixing among two or more NO3~ sources might have
occurred at variable degree to account for the measured NOs™ concentrations, and the shifting of the measured
isotopic values (Xue et al., 2009; Archana et al. 2018).

Denitrification is a microbial mediated process resulting in a natural attenuation of NO3~ concentration in water
systems. If denitrification occurs, the residual NOs~ becomes enriched in heavy isotopes, and 8°*Nnos and
8'80nos values should follow a positive linear relationship with a 3*¥0Onos/8"°Nnos ratio ranging from 1:1 to 1:2
(Bottcher et al., 1990; Fukada et al., 2003). Trends observed in Figure 8 indicate that denitrification might have
occurred at different degrees. The isotopic compositions of groundwater samples A2, A10, A13, Al18, A20
and A58 located in the Southern area having NOs™ concentrations in the range of 1.0 to 16 mg/L (SM Table 2)
indicate that denitrification likely affected these groundwater samples in different proportions, as suggested
by the positive correlation line with a slope of 0.52 (Fig. 8b).

Some groundwater samples falling in the potential denitrification area showed relatively high NOs
concentrations, which is apparently in contrast with the expected denitrification effect. In particular, the high
enrichment in heavy isotopes in groundwater samples A25 (36 mg/L NOs, Table 1) in the Northern area (Fig.
8a), A22 (76 mg/L NOs-, SM Table 2) in the Southern area (Fig. 8b) might be due to a high degree of
denitrification, probably associated with initially high NO3~ concentrations. However, the §°Nnos and 6*30nos
enrichment observed in these groundwater samples might also result from the mixing of NO3™ fertilizers with
manure/sewage sources and subsequent denitrification. Mixing might have also occurred at other sites, such
as A 39 (Fig. 8a) and A60 (Fig. 8c) where nitrate concentrations and isotopic signatures can be explained by a
source from NOs" fertilizers probably mixed with manure/sewage.

Concentrations of dissolved oxygen (DO) in groundwater can be used to assess potential denitrification
conditions. At DO levels above 4 mg/L, the aerobic environment would suppress denitrification, with O
becoming the first electron donor in place of NOs™ (Rivett et al., 2008). Values of DO in the groundwater range
from 2.9 to 9.6 mg/L in the Northern area (SM Table 1) and from 2.0 to 8.9 mg/L in the Southern area (SM
Table 2), with average and SD of 6.9 + 1.7 mg/L and 6.3 £ 1.9 mg/L, respectively. Figure 9 shows the
relationship between NOs;~ and DO in the studied groundwater samples. Relatively high concentrations of
NOs~ were associated with either above or below 4 mg/L DO (Fig. 9). Concentrations of DO in most of the
studied groundwater appeared unsuitable to promote denitrification. Nevertheless, the A33, A37 and A40
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samples in the Northern area, and A2, A3, A9, A10, All, A13, A18, A20 and A58 in the Southern area showed
relatively low NOs~ concentrations (below 16 mg/L), probably due to denitrification processes as suggested
by the NOs  isotopic signatures (Fig. 8). This would be in agreement with literature reporting that
denitrification may occur in micro-anaerobic parts of the aquifer where DO has been consumed (Koba et al.,
1997; Moncaster et al., 2000; Wu et al., 2018).

Further elaboration may help to assess ongoing denitrification processes in the groundwater systems. In
denitrification processes a negative relationship is expected when plotting §**Nnos (or $*80nos) versus INNO3z™
(Bottcher et al., 1990; Fukada et al., 2003). When effects of continuous inputs of NOs™ are supposed not to be
negligible, the denitrification effect could be highlighted by the NOs/CI ratio (Li et al., 2019; Kou et al.,
2021). Figure 10 shows the relationships between In(NOs /CI7) and either 8**Nnos and 8*¥0nos in groundwater
samples. Significant correlation was not observed in groundwater collected in the Northern area (R? < 0.1),
whereas groundwater samples in the Southern area exhibited a weak inverse correlation (R>=0.16 for 5*30nos
and 0.35 for 6"*Nnos, Fig. 10). These findings would indicate that denitrification processes may occur only
locally in the studied areas.

The above observations suggest that variable contributions of different NOs™ sources in groundwater may have
caused the NOs~ contamination in both areas. The Bayesian mixing model SIAR (Parnell et al., 2013) has been
used to quantify the relative contributions of potential NOs™ sources in isotopic mixtures (Meghdadi and Javar,
2018; Zhang et al., 2018; Ren et al., 2022). In this paper, fractionation factors of 26 %o for §**Nnoszand 12 %o
for 8%0nos were assumed for the groundwater A2, A10, Al13, A18, A20, A58 that likely underwent
denitrification, as suggested by Divers et al. (2014); for the other groundwater samples the fractionation factor
was set to 0 (Jin et al., 2020; Zhang et al., 2020; Kou et al., 2021). Results of the SIAR model are shown in
Figure 11a for groundwater of the Northern area, and in Figure 11b for groundwater of the Southern area. In
both areas, the highest median contribution of NOs™ in groundwater was from organic nitrogen derived from
sewage and/or manure sources. The second NOs™ source, i.e. the median contribution of NOs™ to groundwater
from NH,* fertilizers, in the Southern area was higher than that observed in the Northern area (Fig. 11a). The
NO;™ in the groundwater derived from NOj3™ fertilizers and/or the soil occurred in minor proportions in both
areas.

While the 6°*Nnos and §'0nos systematic can distinguish several NO3~ sources, do not distinguish between
manure and sewage derived NOs~, due to overlapping isotopic signatures. The boron isotope composition
(34B) is not affected by biogeochemical transformation processes, such as natural denitrification, therefore,
can be used as a conservative tracer (Widory et al., 2005) to identify the impact of wastewaters on the aquatic
system and as an indicator of mixing processes. Interaction of water with the aquifer matrix may cause
dissolution of B-bearing silicates, adsorption-desorption processes on clays or Fe-hydroxides, thus affecting
the isotopic composition and concentration of dissolved B (Xiao et al., 2013).

Results of 5!'B determined in samples collected in the Northern and Southern areas are reported in SM Table
1 and SM Table 2, respectively. Values of 5*'B measured in groundwater showed high variations with similar
ranges in the Northern (5.7 %o to 43 %) and Southern area (5.4 %o to 41 %o), and the same median value (32
%o0). More than 90% of 3B values measured in groundwater were higher than +20 %o, thus in the range
reported for manure (7 %o to 42 %o, Widory et al., 2005; Xiao et al., 2013). The 6B values measured in
samples collected from wastewater treatment plants varied from 13 %o to 25 %o with median value of 17 %eo.
The values of 8''B measured in wastewaters collected in the Northern were lower (13%o to 17%o) than 5''B
measured in wastewaters collected in the Southern area (15%o to 25%o). The §''B values in wastewaters of
study areas were generally higher than those reported in literature for sewage (—8 %o to 15 %o, Widory et al.,
2005; Xiao et al., 2013). Figure 12 reports values of 3*'B versus 1/B in groundwater samples, the lowest values
of 3B were measured in groundwater samples A35 (Fig. 12a) and A15 (Fig. 12b), respectively collected in
the Northern and Southern area. The §''B values in these samples indicate a source of B derived prevalently
from sewage, which is consistent with field evidences. In fact, the sample A35 was collected about 50 m
downstream of a wastewater treatment plant and the sample A15 was collected in the urban area of Cagliari,
in a well probably affected by leakage of sewage from the sewer network. The sample A37 in the Northern
area (Fig. 12a) and samples A4, A7, A8, A10, Al7, Al18, A20, A58 and A60 in the Southern area (Fig. 12b)
are probably affected by discharge of wastewater. In fact, most of these sampling sites were located at (A17,
A18, A20) and/or downstream of (A4, A8, A60) urban areas. Natural sources of B may be attributed to the
groundwater samples having relatively low concentrations of NOs™ and B, such as samples A33 and A40 in
the Northern area (SM Table 1), and A2, A9, A10 and A1l in the Southern area (SM Table 2). Groundwater
sample A51, located close to the coast in the Northern area, showed the highest !B value of 43.0 %o (SM
Table 1), indeed, a high value in Western Mediterranean environments. Literature values of §1'B > 40 %o were
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observed in saline groundwater in arid/semi-arid regions, such as the Gaza strip (Vengosh et al., 2005), and
New Mexico (Langman and Ellis, 2010), and much higher 3*'B values (up to 64 %o) were determined in brines
originated from evaporated seawater in Laizhou Bay, China (He et al., 2018).

Figure 13 summarizes the spatial distribution of potential NO3~ sources estimated by the SIAR model and B
isotopic signatures in groundwater samples from the Northern (Fig. 13a) and Southern (Fig. 13b) areas.
Groundwater samples showing NOs~ derived from manure and fertilizers were in flat areas where agricultural
and farming are more developed. This result is consistent with the use of organic and inorganic fertilizers in
cultivated zones in both areas. The higher contribution of NOs~ from NOs-fertilizers in the Southern area (see
Fig. 5b) is also consistent with a larger diffusion of greenhouse crops in the Southern area, where the use of
fertilizers is widespread.

6. Conclusion

Groundwater in two study areas (Northern and Southern) of Sardinia were investigated to assess NOs
contamination prior to the designation of new NVZ. Results of hydrogeochemical and stable isotopes indicate
that the groundwater quality in the study areas was affected by both natural processes and anthropogenic
activities. The observed geochemical facies, mainly ranging from calcium bicarbonate at low salinity to sodium
chloride at increasing salinity, resulted from the interaction of water with the rock-forming minerals of
aquifers, and with gas phases, especially CO,. Concentrations of NOs™ in groundwater occurred in a large
range. The present-day background threshold values were 7 and 5 mg/L NOs™ in groundwater of the Northern
and Southern area, respectively. Concentrations above NO3™ threshold in groundwater in both study areas were
mostly originated from manure, sewage, and agricultural activities.

Results of the SIAR model showed that the manure & sewage were the predominant sources contributing a
median of 50% NOs" in groundwater of the study areas, whereas other sources showed minor contributions.
Boron isotopic signature showed the manure to be the predominant source of NO3™ in groundwater.
Nitrification and volatilization processes might have occurred at few sites, and denitrification was likely to
occur at specific sites. Geographic areas showing either a predominant process or a specific NO3s~ source were
not recognized in groundwater of the studied areas. Mixing among various NOs~ sources in different
proportions might account for the measured NO3~ concentrations and the isotopic compositions of NO3™ in
several groundwater samples of both areas. These findings may be due to point sources of NOs™ to the aquifers.
Results of this study have been used by the regional water authorities to review critical cases and identify new
nitrate vulnerable zones in Sardinia, according to the European Nitrate Directive.
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Captions
Figure 1. Schematic geology of Sardinia (modified by RAS, 2013a), location of study areas, water sampling
sites and groundwater bodies (CIS).

Figure 2. Piper diagrams showing the relative proportions of major ions in groundwater samples collected in
the Northern (a) and Southern (b) areas.

Figure 3. Cumulative distribution plots comparing NOs™ concentrations in groundwater samples of the studied
areas.
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Figure 4. Statistical distributions of log-transformed NOs~ concentration in groundwater of the Northern (a)
and Southern (b) area, and values of natural NOs~ threshold estimated on the population having the lowest
NOs™ values (shown in green).

Figure 5. Spatial distribution of NOs~ concentrations in groundwater from the Northern (a) and Southern (b)
area, superimposed on the simplified soil use map (modified after RAS, 2013b) and boxplot of the NO3~
concentrations.

Figure 6. Relationship between the °H and §*30 values in groundwater of the Northern (a) and Southern (b)
area. GMWL is the Global Meteoric Water Line (Craig, 1961), IMWL represents the meteoric water line
proposed for southern Italy (Giustini et al., 2016). Groundwater samples within the dashed line show a negative
5180 shift likely indicating oxygen isotopic exchange between groundwater and carbon dioxide.

Figure 7. Plot 8*80so4 versus §**S values of sulfate for groundwater samples in the Northern (a) and Southern
(b) areas. The boxes show potential sulfate sources derived from Puig et al. (2017).

Figure 8. Plot 5'®0nos versus 8'°N values of nitrate for groundwater samples in the Northern (a) and Southern
(b, c) area. The boxes show potential nitrate sources, with 3*°N values were derived from literature (Xue et al.,
2009); the local 3'0no3 values were calculated according to Andersson and Hooper, (1983). The dashed black
lines indicate typical expected slopes for denitrification processes (Béttcher et al., 1990; Fukada et al., 2003).
The red line shows the linear regression of the samples having low NOs~ concentrations due to denitrification.

Figure 9. Concentrations of NO5™ plotted against the dissolved oxygen values in groundwater samples. The
gray area indicates favorable conditions for denitrification (McAleer et al., 2017).

Figure 10. Plots 8**Nnos (a) and 8¥0nos (b) versus In(NO;/CI) in the studied groundwater samples.

Figure 11. Proportional contributions of the main potential nitrate sources in the Northern (a) and Southern (b)
areas estimated by the SIAR model. The 25%, 50", and 75" percentiles are shown in each box, and the lower
and upper whiskers indicate the 5" and 95" percentiles, respectively, and circles are the outliers.

Figure 12. Values of & 1B versus 1/B for groundwater samples in the Northern (a) and Southern (b) areas,
showing potential sources B in the groundwater and wastewater samples. Ranges of the potential B sources
were derived from literature (Widory et al., 2005; Xiao et al., 2013).

Figure 13. Spatial distribution of the potential NO3~ sources estimated by isotopic analyses and the SIAR model
in groundwater samples from the Northern (a) and Southern (b) areas, together with the simplified soil use
map (modified after RAS, 2013b).

Supplementary Material Table 1. Physical-chemical parameters, inorganic components and stable isotope
ratios in water samples collected in the Northern area. GW = groundwater; WW = wastewater; sd = standard
deviation

Supplementary Material Table 2. Physical-chemical parameters, inorganic components and stable isotope
ratios in water samples collected in the Southern area. GW = groundwater; WW = wastewater; sd = standard
deviation.
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